A complete series of stereoisomeric quatermsed diaminoandrostanes, differing in their stereochemistry at the 3 f 5 and 17 positions, has been examined for effects on the thermal denaturation of calf thymus DNA and for the ability to remove and reverse the supercoiling of closed circular duplex PM2 DNA. In both types of test the eight isomers rank in the same order of effectiveness. The preferred stereochemistry for the quaternary substituents at positions 3 and 17 is p; of these the orientation of the 17-substituent is the more critical. Folding of the steroid skeleton between the A and B rings, as in 5(3-androstanes, diminishes effectiveness but does not necessarily abolish the effect on supercoiling. The over-riding importance of the C-D ring end of the steroid nucleus bearing a 17p-amino substituent is confirmed by a comparison of the effects of five mono-amino androstanes. Relative helix-unwinding angles per bound steroidal diamine molecule have been determined for four of the isomers; for three 17P compounds the estimated values are similar to that previously reported for irehdiamine A. For a fourth isomer the angle is 0.22 times that of ethidium, the lowest yet determined for any DNA-binding drug. The results lend further support to the argument that intercalation can be ruled out, and alternative models for the binding mechanism are discussed.
INTRODUCTION
Steroidal diamines have been found to exert a variety of effects in biological systems, ranging from antimicrobial activity and mutagenesis towards bacteriophages to interference with membrane-mediated phenomena 2 3 such as permeability barriers, transport processes , and the excitability 4 5 of the neuromuscular junction in animals and man . They include substances of natural origin, such as the plant alkaloids irehdiamine A and malouetine , as well as wholly synthetic compounds of potential interest as drugs and investigational tools . Their chemical similarity to a number of hormonal steroids invites comparison with the properties of these agents too, particularly in respect of the known capacity of both groups of substances to interact with nucleic acids .
Our interest in steroidal diamines stems from the observation that they cause removal and reversal of the supercoiling in closed circular duplex 17 18 DNA ' . This phenomenon, attributable to local unwinding of the DNA 17-22 helix , is regarded as characteristic of intercalating drugs (though not necessarily exclusively so) and it is in this regard that steroidal diamines are particularly important. Several lines of evidence suggest that they constitute a well-defined class of substances whose binding to DNA is associated with unwinding of the helix by a uniquely non-intercalative mechanism. Firstly, they totally lack the aromatic character of acknowledged intercalating drugs. Secondly, they fail to elicit the increase in viscosity of DNA normally seen with intercalative binding of small molecules '
Thirdly, while nuclear magnetic resonance experiments provide evidence of restricted motion of protons in DNA-bound steroidal diamines ' J they yield little or no sign of ring-current shifts is substant ating drugs 23 Fourthly, the steroid nucleus is substantially thicker than the aromatic chromophore of typical intercal-(5«9A as opposed to 3 . 4 A ) , yet the binding to DNA of an irehdiamine A molecule results in less than half the unwinding caused by 18 ethidium, the standard reference intercalator , and indeed the unwinding angle of irehdiamine A is the lowest heretofore reported for any DNA-binding ,.
.
22,24 ligand '
In an effort to elucidate the origins of this anomalous unwinding effect and to clarify the nature of the DNA-binding reaction we have sought to define the necessary stereochemical features of the steroid molecule.
Results are presented for a complete series of eight isomeric quaternised diaminoandrostane compounds, together with five related (mono-)aminoandrostanes. The diamines are all bisquaternary 3»17-dipyrrolidin-l'-ylandrostane bismethiodides differing in their stereochemistry at the 3«5 and 17 positions:
I
Unlike the naturally-occurring steroidal diamines studied previously (irehdiamine A and raalouetine, whose structures are based on the pregnane ring system) ' there is little or no conformational flexibility allowed in these synthetic molecules due to the direct substitution on the relatively rigid androstane nucleus. Consequently their molecular shape is more precisely defined, enabling firm coxrelations between molecular structure and biological response to be attempted -e.g. in respect of the charge separation or inter-onium distance (see Table l ). The effect of the differing stereochemistry in these isomers is illustrated in Fig. 1 Of the eight isomeric diamines four were found to manifest a helixunwinding effect qualitatively comparable with that previously detected for 17 18 irehdiamine A and malouetine , hut these four did not comprise all those having a conmon configuration at any one of the asymmetric centres. Based on quantitative comparisons between the various responses one end of the steroid nucleus can be identified as having primary importance for interaction with 0NA, while the other end provides a secondary site.
MATERIALS AND METHODS
The steroidal diamines (mol. wt. 682.6), monoamines and ethidium bromide were products of May & Baker Ltd., Dagenham, England. Their constitution and homogeneity had been checked in the laboratories of May & Baker;
they were used without further purification. Solutions were freshly prepared whenever possible and maintained in the dark at 0-4 or stored frozen at -22°.
The buffer used throughout, designated 0.01 SHE, was of ionic strength 0.01; it contained 20 mM HEPES, 0.1 mM EDTA and h mM NaCl dissolved in glassdistilled water and adjusted to pH 7.0 at room temperature with NaOH.
Calf thymus DNA (highly polymerised sodium salt, type l) was a product of Sigma Chemical Co., St Louis, Mo, U.S.A. It was dissolved in 0.01 SHE buffer at a stock concentration of l.j mg/ml and dialysed extensively versus 0.01 S1£E before use. PM2 DNA was prepared according to the procedure of (Fig. 3 ) reveals that this distinction may belie the facts to some extent, for at higher ratios a distinct tendency for the ahsorhance to creep upwards at temperatures veil below the main hyperchromic transition was consistently observed for all the bisquaternary diaminoandrostanes. Associated with this phenomenon was an increase in the total hyperchromic effect, following a decrease at ratios up to 0.4 (Fig. 3 ) .
Similar behaviour has recently been described for a number of other 23 diamines , suggesting that the situation may be more complicated than has previously been supposed, and that features indicative of incipient destabilising and/or secondary interaction may be shared by more highly substituted In Fig. 5 the effects of the 5a-androstane diamines axe shews.
Three out of the four steroids caused removal and reversal of the supercoiling. The fourth compound, the 3oc,17a isomer, failed to remove the supercoils at ratios up to 1:1, the highest concentration tested. It did produce a steady increase in the viscosity however, and it is possible that this increase represents a genuine reduction in the extent of supercoiling such that complete relaxation of the closed circular DNA molecules might be observable at much higher concentrations. For the present its action can be recorded as tentatively negative; in any event its effect is very much trad 0 * 0 diamina/nuclaotid* ratio (Fig. 4 ) (Fig. 4 ) .
The most potent response is clearly produced by the 3p,17p isomer.
Taking this as a reference, it can be seen that switching either the 3-or the 17-amino substituent to the a configuration shifts the equivalence region to higher ratios. Moreover, epinerisation at the 1? position seems tohave the more dramatic consequences. It can therefore be inferred that the optimal configuration at each of positions 3 and 17 is |3, that the 17p orientation seems the more critical, and that with both 3-and 17-amino groups in the unfavourable a configuration activity is, for practical purposes, lost.
The results for the 5P-androstanes confirm these inferences and reveal in addition that the flatter 5<*-steroid skeleton is much preferred over the more folded 5f3-steroid nucleus (Fig. 6 ) . In this series only the 3p,17P [diamine] c • : 3P»17p-dipyrrolidin-l l -yl-5a-androstane bismethiodide 0: 3a»17P-dipyrrolidin-l'-yl-5a-androstane bismethiodide A: 3P,17P-dipyrrolidin-l'-yl-5P-androstane bismethiodide A: 3P,17a-dipyrrolidin-l l -yl-5<x-androstane bismethiodide isomer yielded a positive response, the others producing even less effect on the viscosity than the 3«»5a,17a isouer -in the case of tha 3a,50,17a isomer no effect at ail.
To determine whether the varied responses produced by the four positive isomers resulted from differences in thexr strength of interaction with DNA, different relative unwinding angles, or both, the position of the equivalence peak was determined for each drug at a range of DNA concentrations.
In Fig. 7 the concentration of each steroid required to relax the supercoiling of the circles is plotted as a function of the DNA concentration. For a simple mass-action interaction such a plot should take the form of a straight line with slope equal to the equivalence binding ratio \{, and intercept on the ordinate equal to the free drug concentration c 1 in equilibrium with the 27 relaxed circular DNA complex . The data in Fig. 7 reveal that this condition is satisfactorily obeyed, and the resulting parameters are collected in Table 1 . knovn an absolute value for 0 S can be determined. In previous work 1 must be increased by that factor. In any event the relative helix-unwinding angles 0 s /^e are not affected, and are correct as they stand in Table 1 .
It should be noted that the errors quoted in the Table are statistically real standard deviations since they are derived from least-squares fitted lines (Fig. 7 ) , in contrast to the estimates of error made by comparing widths of equivalence regions of S-. plots in earlier It remains to comment on the last two columns in Table 1 . The diamines used in this work were originally synthesised as potential curarelike neuromuscular blocking agents and one, the 3P,5oc,17P isomer (dipyrandium)
proved to be a potent, non-depolarising curarising agent both in animals and man ' . The relative effectiveness of the different isomers in respect of DNA-binding and neuromuscular blocking potency makes interesting comparison.
In both cases the 3P,5a,17P isomer is the most potent, and the 3a,5P,17«
isomer the least. 5P-compounds are generally less effective than 5a, and the preferred stereochemistry at each of positions 3 and 17 is p. However, with regard to neuromuscular blocking activity it appears that position 3 is the more important, for inversion at that centre produces a large decrease in potency whereas epimerisation at position 17 has little effect. We have found the converse to hold for effective interaction with DMA. There would seem little reason to expect stereochemical requirements to run in parallel for both systems since the two receptors have little in common, other than, perhaps, an array of negative charges on their surfaces.
inary accounts of part of this work were presented at two symposia'**'' 7 .
Financial support from the Royal Society and the Science Research Council is gratefully recorded.
